ABSTRACT Previous studies demonstrated that inovo photostimulation with monochromatic green light increased the somatotropic axis expression in broilers embryos. The objective of the current study was to detect the critical period for in-ovo GL photostimulation, in order to find the optimal targeted photostimulation period during the incubation process. Three hundred thirty-six fertile broiler eggs were divided into 4 groups. The first group was incubated under dark conditions as a negative control. The second incubated under intermittent monochromatic green light using lightemitting diode (LED) lamps with an intensity of 0.1 W\m 2 at shell level from d 0 of the incubation as a positive control. The third group incubated under intermittent monochromatic green light from d 10 of the incubation. The last group incubated under intermittent monochromatic green light from d 15 of the incubation. In-ovo green light photostimulation from embryonic d 0 (ED0) increased plasma growth hormone (GH), as well as hypothalamic growth hormone releasing hormone (GHRH) and liver growth hormone receptor (GHR) and insulin-like growth factor-1 (IGF-1) mRNA levels. In-ovo green light photostimulation from ED10 increased the GH plasma levels compared to the negative control group, without affecting somatotropic axis mRNA genes expressions of GHRH, GHR, and IGF-1. In-ovo green light photostimulation from ED15 caused an increase in both the plasma GH levels and the somatotropic axis mRNA genes expressions of GHRH, GHR, and IGF-1, compared to the negative control group. These results suggest that the critical period of somatotropic axis acceleration by GL photostimulation start at 15 d of incubation.
INTRODUCTION
Targeted photostimulation with monochromatic light is a well-known management tool for production (growth and reproduction) enhancement in poultry (Olanrewaju et al., 2006; Rozenboim et al., 1999a; Rozenboim et al., 1999b; Rozenboim et al., 2004; Borille et al., 2013) . Studies conducted in our lab showed that posthatch green light (GL, 560 nm) and blue light (BL, 480 nm) photostimulation of broilers increased body and muscle weights (Rozenboim et al., 2013) . Wabeck and Skoglund (1974) found a similar effect in broilers and by Phogat et al. (1985) in quails.
In-ovo GL photostimulation between embryonic d 0 (ED0) and embryonic d 21 (ED21, hatching day) was also found to increase both embryos body weight (as % of egg weight) and breast muscle weight (as % of body weight) (Rozenboim et al., 2004) , as well as increase the early posthatch pectoralis weight (Zhang et al., 2014a) . Furthermore, studies showed the stimulatory effect of in-ovo GL photostimulation on the proliferation, differentiation, and the number of satellite cells in the muscles, during the posthatch period, compared to the group incubated in the standard dark (D) conditions (Halevy et al., 2006a; Halevy et al., 2006b ). In addition, in-ovo GL photostimulation also increased the MyoD, myogenin, and myostatin (Zhang et al., 2014a) One of the mechanisms, which were studied through the years as affecting growth and development, is the somatotropic axis, which consists of the hypothalamic growth hormone releasing hormone (GHRH), pituitary growth hormone (GH), liver and muscle insulinlike growth factors (IGFs), and their respective receptors. Several of the axis components were found to have a positive effect on the growth of muscles (including proliferation and differentiation) (Halevy et al., 2006b) , and were affected by in-ovo GL photostimulation (Halevy et al., 1998; Dishon et al., 2017) .
Growth hormone secretion is controlled by several hypothalamic factors, mainly GHRH and thyrotropinreleasing hormone (TRH) as excitatory factors, and somatostatin (SS) as an inhibitory factor (Bossis and Porter, 2001; Porter et al., 2006; Wang et al., 2006; Lu et al., 2008) . In addition, GH secretion from the pituitary is pulsatile in nature (Kim, 2010) , with a rapid increase until peak levels during the early posthatch age, followed by plasma levels decline (Buyse and Decuypere 1999) . It is required for avian growth and development, as well as increasing feed efficacy and reducing the abdominal fat size (Cogburn et al., 1989; Kocamis et al., 1999) . Exogenous injection of GH to broilers yield conflicting results, with most of them finding that the exogenous GH cannot promote body weight gain in juvenile broilers (Vasilatos-Younken and Scanes, 1991; Moellers and Cogburn, 1995) . Broilers have higher GHR mRNA expression, compared to laying hens. Furthermore, broilers also have higher GH mRNA expression on ED18, which is in correlation with the embryo/chick mass from ED18 and d 5 posthatch (Buzala et al., 2015) . However, posthatch laying hens have higher GH mRNA expression compared to broilers, showing a negative correlation with the posthatch growth rate (Buzala et al., 2015) .
Growth hormone receptors (GHR) can be found in several tissues, including the liver, muscles, and adipose (Mao et al., 1998) . It was found that laying hens have lower GHR mRNA expression in the liver, compared to broilers (Buzala et al., 2015) . Halevy et al. (2006a) demonstrated that in-ovo GL photostimulation increased the expression of muscular GHR. Furthermore, in our previous study, we also found increased liver GHR gene expression (Dishon et al., 2017) as a result of in-ovo GL photostimulation from ED0 until hatching.
Growth hormone activates liver IGF-1 synthesis. Another source for muscular IGF-1 is the local synthesis in the muscles, without the influence of GH (Kanacki et al., 2012) . IGF-1 can be found in chicken embryos in the early stages of incubation, even before the detection of plasma GH, which shows that the IGF-1 secretion is at least partially independent of GH and its receptors. On the other hand, in the posthatch period, IGF-1 secretion is closely dependent on GH and its receptors (McMurtry et al., 1997) . The IGF-1 plays an important role in the metabolism of several tissues (Kanacki et al., 2012) , as well as in the proliferation and differentiation of muscles (Halevy et al., 2006b ).
Previously, we described the development of the somatotropic axis during embryogenesis. We demonstrated that in-ovo GL photostimulation from ED0 until ED21 increased somatotropic expression, manifested by elevation in hypothalamic GHRH gene expression, plasma GH, and both liver GHR and IGF-1 without an increase in the muscle IGF-1 gene expression. We also saw that the positive effect of the photostimulation on the plasma GH levels, GHR gene expression, and liver IGF-1 gene expression, happened on the same days, during the last stages of the incubation (Dishon et al., 2017) .
The objective of this study is to detect the critical period for in-ovo GL photostimulation, in order to find the optimal targeted photostimulation period during the incubation process.
MATERIALS AND METHODS

Animals
All procedures were approved by the animal care committee of the Hebrew University of Jerusalem. Three hundred thirty-six equal weight (60 ± 3 g) fertile broiler eggs (Cobb 500) were used. The eggs were obtained from a 36-week-old broiler breeder flock (Brown hatchery, Hod Hasharon, Israel). All the eggs were set in one Petersime 9600 incubator (Petersime, Belgium), and incubated under standard conditions (37.8
• C and 56% RH). On d 7 of the incubation, all the eggs were candled, and all infertile eggs were removed. On d 18 of incubation, all the eggs were transferred to hatching trays, placed inside the incubator, until the last day of the experiment.
Light Management
Eggs were divided into 4 treatment groups with 3 replicates (all replicates were placed in the same incubator in different setting trays at different incubator levels). The first group was incubated in the dark (negative control (NC), n = 84). The second group was incubated under GL photostimulation (560 nm, intensity of 0.1 W/m 2 at eggshell level, and in intervals of 15 min light/15 min dark to avoid overheating of the egg (Rozenboim et al., 2004) ) between ED0 and ED20 (positive control (GL), n = 84). The third group was incubated under GL photostimulation between ED10 and ED20 (GD10, n = 84), and the fourth group was incubated under GL photostimulation between ED15 and ED20 (GD15, n = 84). All GL photostimulation was provided by light-emitting diode (LED) strips, as described in our previous experiment (Dishon et al., 2017) . The different light treated groups were separated by cardboards in order to eliminate light transfer between groups.
Blood Sampling
Between ED10 and ED20, 12 eggs from each treatment groups were opened and content was placed in a petri dish. Heparinized blood samples were drawn from the chorioallantoic vein from ED10 to ED18, and on ED20, from the jugular vein. Plasma samples obtained from each blood sample were stored in −20
• C until assay.
Tissue Sampling
Following the blood sampling, embryonic BW recorded, and samples from the hypothalamus, pituitary, and liver were taken as previously described Dishon et al., 2017) . The samples were placed in liquid nitrogen and stored at −80
• C until the analysis of mRNA gene expression.
Hormone Analysis
Plasma GH was assayed by competitive enzymelinked immunosorbent assay (ELISA), using the corresponding biotinylated tracer, as described previously (Dishon et al., 2017) .
RNA Extraction and Real-Time Polymerase Chain Reaction
The frozen tissue samples were homogenized by HG-300 homogenizer, and total RNA was extracted using RNAzol R RT reagent according to the manufacturer protocol (Genecopeia, Rockville, MD). The extraction and real-time polymerase chain reaction (PCR) protocols previously described in (Dishon et al., 2017) . The sequences of the gene-specific primers used in the PCR reactions are shown in Table 1 .
Statistical Analysis
The experiment conducted in 3 replicates. After finding no significant difference between the replicates of each treatment group, the data were subjected to analysis of variance (ANOVA) according to the following model: the treatment (dark and the light treatments) and embryonic day (between ED10 and ED20) as the main fixed effects, including the interactions between treatment and ED.
We found no significant interaction between treatment and ED. Therefore, the figures show LSMeans (± SE) of each treatment at certain embryonic day. The Tukey-Kramer HSD test was used for post-hoc testing of the differences between treatments' LSMeans.
All statistical analyses were conducted with the JMP software of the SAS Institute (Ver.12).
RESULTS
Throughout the incubation period, GL photostimulation did not affect either the body, muscle, or liver weights.
Plasma GH Levels
During the embryogenesis in all treatment groups, we found small elevation in plasma GH levels with a large and significant elevation on ED20. In-ovo GL photostimulation from ED0 (PC group) caused a significant increase in plasma GH levels (Figure 1 ) from ED14 until hatching day, compared to the NC group. GD10 group had higher plasma GH levels, similar to PC group, between ED14 and ED18, while the GD15 group, had significantly higher levels at ED 16 to a similar level found in PC group, and an elevation in plasma GH levels (to a level between the positive and negative controls) on ED18 and ED20.
Hypothalamic GHRH, Liver GHR, and IGF-1 Gene Expression
Elevation in GHRH mRNA expression from ED14 until hatch was detected in all treatment groups. In the PC group, a significant increase in the hypothalamic GHRH mRNA gene expression levels was detected in ED16 and ED20, compared to the NC group. The GD10 group showed no increase in the GHRH mRNA levels when compared to the negative control. On the other hand, GD 15 group showed a significant increase in GHRH mRNA levels on ED18 and ED20, compared to the negative control (Figure 2) .
Liver GHR mRNA gene expression, was elevated during embryogenesis peaking at ED18 and then declined at ED20. The positive control group had a significant increase in liver GHR mRNA levels on ED16 and ED18 compare to NC group. The GD10 group had same liver GHR mRNA levels, as the NC group; while the GD15 Figure 1 . Plasma growth hormone levels, between ED10 to ED20, of broilers incubated in the dark (NC) or under monochromatic green light from different days of incubation (GL, GD10, and GD15). Data are presented as mean ± SEM. Means of the group within a specific day with no common lowercase letter, differ significantly (P < 0.05). Means of the day within a specific treatment group with no common capital letter, differ significantly (P < 0.05).
Figure 2.
Hypothalamic GHRH mRNA expression, between ED10-ED20, of broilers incubated in the dark (NC) or under monochromatic green light from different days of incubation (GL, GD10, and GD15). Data are presented as mean ± SEM. Means of the group within a specific day with no common lowercase letter, differ significantly (P < 0.05). Means of the day within a specific treatment group with no common capital letter, differ significantly (P < 0.05).
group had a similar increase in GHR mRNA levels as the PC group in ED18 (Figure 3) .
The liver IGF-1 mRNA gene expression was similar during the embryonic development, with a significant increase on hatching day (ED20). The PC group had a significant increase in liver IGF-1 mRNA levels between ED16 and ED18. The GD10 group had same IGF-1 mRNA levels as compared to NC group. The GD15 group, on the other hand, had significant elevation on ED18, similar to the positive control, but similar levels of the negative control, on ED20 (Figure 4) .
DISCUSSION
In-ovo GL photostimulation from ED15 increased the somatotropic axis activity, similar to the acceleration in the positive control.
In our study, GHRH increased naturally from ED14 until ED20. Similar results were found in our previous experiment (Dishon et al., 2017) , as well as in Ellestad et al., 2011, which showed an increase in the GHRH expression from ED16 until d 1 posthatch. GL photostimulation from ED15 increased hypothalamic GHRH mRNA gene expression, to the level of the positive control mRNA gene expression and level presented in our previous study (Dishon et al., 2017) .
As for plasma GH levels, previous studies found natural elevation from ED 12, reaching a peak level at hatch (Kikuchi et al., 1991; Dishon et al., 2017) . Zhang et al., 2014b , present elevation in plasma GH levels from ED 15. In addition, all light-treated groups had higher plasma GH levels during the last wk of the incubation compared to negative control group. The increase in the plasma GH levels of the GL photostimulated groups starts before the increase in hypothalamic Figure 3 . Liver GHR mRNA expression, between ED10 to ED20, of broilers incubated in the dark (NC) or under monochromatic green light from different days of incubation (GL, GD10, and GD15). Data are presented as mean ± SEM. Means of the group within a specific day with no common lowercase letter, differ significantly (P < 0.05). Means of the day within a specific treatment group with no common capital letter, differ significantly (P < 0.05).
Figure 4. Liver IGF-1 mRNA expression, between ED10 to ED20, of broilers incubated in the dark (NC) or under monochromatic green light from different days of incubation (GL, GD10, and GD15). Data are presented as mean ± SEM. Means of the group within a specific day with no common lowercase letter, differ significantly (P < 0.05). Means of the day within a specific treatment group with no common capital letter, differ significantly (P < 0.05).
GHRH mRNA gene expression, which may suggest that there might be a more direct, positive effect of the photostimulation on the secretion of the GH from the pituitary to the plasma.
We found a natural increase in liver GHR mRNA gene expression from ED12 until ED18, followed by a decrease until hatch. Those results are similar to our previous findings (Dishon et al., 2017) , which showed a similar pattern, as well as Burnside and Cogburn research (1992) .
Furthermore, we found that GL photostimulation from ED0 (positive control) caused elevation of the GHR mRNA gene expression on ED12 and between ED16-ED18, and that photostimulation from ED15 brought an increase similar to the positive control, on ED16 and ED18, while the GL10 group showed similar results to the negative control. The increase in the liver GHR mRNA gene expression, together with an increase in the plasma GH levels, may enable a greater utilization of GH. This mechanism is in agreement with the mechanism suggested by Kanacki et al., 2012 and the results found by Halevy et al., 1998 and Zhang et al., 2014b , which showed an increase in satellite cells GHR mRNA gene expression, and an increase in plasma GH levels, due to GL photostimulation, respectively.
Under natural incubation conditions, liver IGF mRNA gene expression is low, with its level increased by hatching. When comparing the different treatment groups, we observed that GL photostimulation from ED0 increased the liver IGF-1 mRNA levels from ED16 until hatch, while photostimulation from ED15 (GD15 group) increased the expression of liver IGF-1, but with a significant difference only on ED18. The low levels of liver IGF-1 mRNA gene expression can be explained by the fact that during the embryogenesis, the liver plays only a minor role in the supply of IGF-1 to the developing embryo, while at hatch and in the posthatch period, it is the main source of IGF-1 of the chicken (McMurtry et al., 1997) . The elevation in the IGF-1 because of the GL photostimulation, following the increase in both plasma GH levels, as well as liver GHR mRNA gene expression. This phenomenon may occur due to an increase activation of GH and its liver receptors, in GL photostimulated embryos. This effect, in turn, results in a greater activation of the liver to express the IGF-1 gene. This mechanism of GH connecting to liver GHR, and causes an increase in liver IGF-1, is supported by Kanacki et al., 2012 .
Furthermore, we suggest that the positive effect of inovo GL photostimulation on growth and development of broilers (Rozenboim et al., 2004) , might be due to its elevation effect on liver GHR mRNA gene expression levels. According to Buzala et al., 2015, it was found that when comparing broilers and laying hens, the hens had higher levels of plasma GH, but lower levels of liver GHR expression. This, in turn, may suggest that the growth of broilers is due to higher levels of GHR, and not to GH itself. Therefore, the increase in liver GHR mRNA gene expression may explain why GL photostimulated broilers had higher body weight, compared to control, in Rozenboim et al., 2004 . This may also explain why administration of GH to chicken, had conflicting effects.
We suggest that in-ovo GL photostimulation might act centrally by activating neuroendocrine agents, such as melatonin, which found to be higher, when chicks exposed to GL photostimulation (Zhang et al., 2016) . This elevation might increase GHRH mRNA gene expression in the hypothalamus (Zhang et al., 2016) . The elevation in somatotropic axis activity in the GD15 group may suggest that the activation of this axis by GL stimulation is related to tissue photosensitivity both retinal and extraretinal sites. This was previously described by the effect of GL photostimulation on the melatonin and GHRH correlation, as well as by the locations of the GHRH secreting neurons and the extraretinal photoreceptors (Mano-Otafiri et al., 2006; Haflord et al., 2009; Zang et al., 2016) . Photoreceptors can be found in the pineal gland, and they regulate the melatonin synthesis and secretion (Foster and Soni, 1998) , both of which can be found as early as ED13 (and ED8 in quails) (Csernus et al., 2007) and ED10 (Csernus et al., 2007) , respectively, as well as elevating GHRH expression. Furthermore, the neurons that secrete the GHRH in the hypothalamus can be found in the arcuate nucleus, which is part of the mediobasal hypothalamus (MBH) (Mano-Otafiri et al., 2006) . The MBH also include photoreceptors that affect physiological responses (Halford et al., 2009) and are found as early as ED13 (unpublished data). The proximity of the extraretinal photoreceptors and melatonin, which affect the somatotropic axis, or the proximity to the GHRH secreting neurons, may suggest that the increase in the somatotropic axis expression is due to the activation of those photoreceptors and the secretion of neurotransmitters, which in turn may affect the synthesis and secretion of the GHRH.
During this experiment, we found that in-ovo GL from ED10 had no effect on somatotropic axis.
Embryonic d 10 is an important day for both endocrinologic (Porter and Dean, 2001 ) and metabolic (Janke et al., 2004; Tong et al., 2013) mechanisms. We suggest that the addition of photostimulation from ED10 might affect other related axes, such as the corticoid and the thyrotropin axis. The thyrotropin axis starts to function from ED10.5 (Porter and Dean, 2001) , while the adrenals secrete corticosterone from ED8 (Jenkins and Porter, 2004) . According to Porter and Dean, 2001 , a combination of both T3 and corticosterone inhibited the GH secretion, which could explain the lack of positive effect of the photostimulation from ED10 on the development of the somatotropic axis.
In conclusion, we suggest that the critical period of somatotropic axis acceleration by GL photostimulation start at 15 d of incubation. Further studies are conducting in order to frame this critical period and by that implementing this knowledge to the industry. In addition, other studies are conducting in order to understand the connection between the retinal and extraretinal photoreceptors, in relation to the activation of the somatotropic axis. Further studies are required in order to understand how the in-ovo GL photostimulation affect the somatotropic axis.
